The effects of transposable elements, such as LINE-1, on host fitness are still poorly 14 understood. Our analysis of the site frequency spectrum of LINE-1s and SNPs within LINE1s in 15 human genomes shows that selection coefficients are higher for full-length than for fragment 16 LINE-1s and on full-length LINE-1s, SNPs are significantly depleted on ORFs and non-17 synonymous sites within ORFs. These results suggest that host-level selection maintains 18 transposition competent 20 Main 21 LINE-1 (long interspersed element 1) retrotransposons are mobile genetic elements that play an 22
important role in modifying the human genome 1 . LINE-1 insertions are generally considered 23 disruptive since they are depleted in regulatory regions 2,3 and are associated with genetic 24 disorders and diseases 4 . The destabilizing effects of LINE-1 insertions led to the evolution of 25 LINE-1 silencing mechanisms, such as LINE-1 methylation 5 and piRNAs 6 . 26 27 However, there is also evidence that retrotransposition has become an integral part of the host 28 developmental program 7,8 . Yet, so far, there is no direct evidence that LINE-1 retrotransposition 29 is beneficial to the human host. In this study, we used two methods to analyze signals of host-30 level selection on retrotransposition activity. We estimated the selection coefficients of 31 polymorphic LINE-1s from the site frequency spectrum (SFS) of LINE-1 insertions in the human 32 population and we analyzed patterns of single-nucleotide polymorphism (SNP) depletion on 33 LINE-1 insertions within the human reference genome hg19. 34 35 We obtained the LINE-1 SFS from Gardner et al. 9 and fitted models to this SFS in which the 36 selection coefficient of a LINE-1 insertion could vary by LINE-1 insertion length and between 37 full-length and fragment LINE-1s, following the approach by Boissinot et al. 10 . According to the 38 best-fitting model (i.e., the model with the lowest AIC), LINE-1 selection coefficients decreased 39 with LINE-1 length but increased for full-length LINE-1 ( Fig. 1a ; Supplementary Table 1 ). LINE-40 1s of all lengths had a negative selection coefficient, but short fragments and full-length LINE-1s 41 had the highest estimated selection coefficients ( Fig. 1a ). 42
43
One potential limitation of our SFS analysis is the possibility of spurious correlations between 44 LINE-1 insertion length and frequency due to frequency-dependent length estimates. We 45 applied the mobile element detection tool MELT 9 to simulated reads and found that the 46 accuracy of the estimated LINE-1 insertion length does indeed depend on LINE-1 frequency. 47
However, when we averaged over uncertainties in length estimation (see Material and Method 48 section Uncertainties in LINE-1 detection and length estimation) the results were qualitatively 49 the same as above ( Supplementary Table 1 ). 50 51 Another limitation of our SFS analysis was that it assumed a constant population size, a 52 mutation-selection-drift equilibrium, and ignored background selection and population structure. 53 However, any estimation bias due to these assumptions is expected to affect LINE-1 insertions 54 of different lengths in a similar way and should therefore not affect inferences about the 55 relationship between selection coefficient and LINE-1 length. In line with this assertion, we 56 observed an excess of observed low-frequency LINE-1s compared to model predictions that 57 was consistent across different LINE-1 length classes ( Supplementary Fig. 1 ). While the excess 58 of low frequency LINE-1 indicates that the model we fitted to the data did not capture some 59 aspects of the mutation-selection process, the consistency across LINE-1 length classes 60 showed that our model simplifications were unlikely to affect the inferred relationship between 61 LINE-1 length and selection coefficient. 62
63
The decrease of LINE-1 selection coefficients with insertion length that our analysis uncovered 64 is most likely due to increased ectopic recombination between longer LINE-1 insertions 11,12 . The 65 increased selection coefficient for full-length LINE-1s suggests a beneficial effect of 66 retrotransposition for the host since only full-length LINE-1s are retrotransposition competent. It 67 is important to note that detecting the higher selection coefficient for full-length LINE-1s required 68 accounting for the decrease of selection coefficient with LINE-1 length by fitting an appropriate 69 model to a dataset large enough to include the relatively rare long LINE-1 fragments. Previous 70 analyses of LINE-1 selection coefficients failed to account for the decrease of selection 71 coefficient with LINE-1 length, either because of a small sample size 10 or by fitting a selection 72 model without explicit length-dependency 13 , and therefore missed that full-length LINE-1s have 73 a significantly higher selection coefficient than long fragments. 74
75
We also analyzed how SNPs from the 1000 Genome dataset are distributed within LINE-1 76 insertions. The probability of a base pair within a LINE-1 containing a SNP depended 77 significantly on the immediate tri-nucleotide neighborhood, increased with the number of SNPs 78 in regions flanking the LINE-1, decreased with read coverage, and increased with the proportion 79 of nucleotides that differed from the human LINE-1 (L1HS) consensus ( Supplementary Table 2 ). 80
More importantly, the probability for a SNP was significantly lower for full-length than fragment 81 LINE-1s, for coding regions, and for non-synonymous sites within coding regions (odds ratios = 82 0.78, 0.63, and 0.76, respectively, all P < 0.0001, Supplementary Table 2 , Fig. 1b ,c,e). The 83 reduction in SNP probability on coding regions and on non-synonymous positions within coding 84 regions was significantly more pronounced on full-length than fragment LINE-1s (odds ratio for 85 SNPs on coding vs. non-coding region was 0.63 on fragment LINE-1s and 0.26 on full-length 86 LINE-1, Supplementary Table 2 , Fig. 1 c) . When the analysis was restricted to LINE-1 ORFs 87 without frameshifts, fragment LINE-1s showed no SNP reduction on non-synonymous sites ( Fig.  88 1d), whereas on full-length LINE-1s the SNP density was significantly reduced on non-89 synonymous sites (odds ratio = 0.84, P = 0.003, Fig. 1e ). All results were qualitatively the same, 90 regardless of whether or not SNPs with a significant excess of heterozygotes and a quality 91 score below 100 were excluded from the analysis. 92
93
The reduction of SNPs on full-length LINE-1s compared to fragments could be explained by 94 transcription-coupled repair 14 . However, the reduction of SNPs on ORF1 and ORF2 and in 95 particular the additional reduction of SNPs on non-synonymous sites cannot be explained easily 96 by differential mutation, transcription-coupled DNA repair, or SNP detection but instead 97
suggests that purifying selection removes single-nucleotide mutations that alter the translated 98 amino acid sequence. It is important to note that our analysis concerned SNPs that accumulate 99 post-LINE-1 insertions. These SNPs are influenced by selection on the host level rather than 100 transposon level. Our results are therefore a strong indication that retrotransposition fulfills a 101 function for the host that is maintained by selection on the host level. 
Uncertainties in LINE-1 detection and length estimation 128
We simulated 50 genomes with known LINE-1 insertions using the read simulator wgsim 17 . We 129 selected 50 samples from the 1000 Genomes data and collected for each sample the 130 information about genotype, genomic location, start, and endpoint of all non-reference LINE-1 131 insertions that were called in the 1000 Genomes data. Next, we generated two whole-genome 132 sequences that included the called insertions and generated haploid reads for each sequence 133 using wgsim, and combined these reads to simulate a diploid genome with the same coverage 134 as the 1000 Genome samples. We then ran MELT ver. 2.0 with the "Group" option on these 135 simulated genomes. Eleven of the 50 simulated genomes produced an error message when 136 analyzed by MELT. We estimated from the remaining 39 genomes via logistic regression the 137 detection probability of LINE-1s as a function of LINE-1 length, LINE-1 frequency, and an 138 indicator for full-length LINE-1. We furthermore grouped the true and estimated LINE-1 lengths 139 into bins of 500 bp width and estimated a discretized joint probability of true and estimated 140 LINE-1 length. We fitted a logistic regression to determine how the probability of the true and 141 estimated LINE-1 length being in the same bin changes as a function of LINE-1 frequency. 142 143
Signals of LINE-1 selection in 1000 Genome data 144
We analyzed whether selection coefficients change with LINE-1 insertion length and differ 145 between full-length and fragment LINE-1s. Specifically, we tested the influence of two predictor 146 variables, namely LINE-1 length and an indicator for LINE-1 length being above 6000 bp (i.e. 147 indicator for full-length), on the selection coefficient s, following the approach outlined by 148 Boissinot et al. 10 . This approach assumes that a LINE-1 with selection coefficient s confers, 149 respectively, fitness values 1+s, 1+s/2 and 1 to individuals who are homozygous carriers of the 150 LINE-1, heterozygous, or without the LINE-1 and derives an SFS, assuming a mutation-151 selection-drift balance. We slightly modified the approach outlined in ref. 10 reference LINE-1 in the study as 1 -(1px) n , where p stands for sensitivity, x for the allele 156 frequency and n for the number of samples. We estimated via maximum likelihood the selection 157 coefficients of LINE-1s from the LINE-1 SFS, assuming a population size of 10 5 . We fitted four 158 different models for the selection coefficient s of LINE-1s. In the simplest model, the coefficient s 159 was the same for all LINE-1s. In the other three models, s was a linear function of either one or 160 both of the two predictor variables, LINE-1 length and the indicator for full-length LINE-1s. We 161 compared the Akaike Information Criterion (AIC) between the four models and determined the 162 best-fitting model as the one with the lowest AIC. We ran this analysis, either treating estimated was inside a promoter region, exon, or intron. Our regression model also included the following 186 three predictor variables to capture effects of selection on LINE-1 retrotransposition capacity: (i) 187 whether or not the LINE-1 was full-length (above 6000 bp length), (ii) whether or not the base-188 pair was on a coding sequence within a LINE-1 (ORF1 or ORF2) and (iii) whether or not a base-189 pair was on a non-synonymous position within a LINE-1 ORF. We treated the first two base-190 pairs of each codon within a coding sequence as non-synonymous positions. We used the first 191 and last nine nucleotides of each ORF on the L1HS consensus sequence as motifs to identify 192 beginning and end of ORFs within LINE-1s. We first searched for these, allowing for one 193 mismatch for the start motifs and two mismatches for the end motifs. After identifying the start 194 and end motifs of each ORF we counted forward from the start codon and backward from the 195 stop codon to identify codon start positions and formed for each ORF an intersection of these 196 positions to exclude frameshifts. We ran an additional analysis with the same set of predictor 197 variables but using only bps with full-length ORFs without frameshifts. 198 199
SNPs due to mismapped LINE-1 reads 200
Because LINE-1 sequences are highly repetitive in the genome there is a possibility that some 201
SNPs on reference LINE-1s in the 1000 Genome data could have been due to mismapping 202 reads. Since a locus with mismapped reads is expected to also contain reads from that location, 203 mismapping should produce the signal of a heterozygous genotype. We therefore repeated the 204 analysis above, excluding any SNP that showed a significant deviation from Hardy-Weinberg 205 genotype frequencies in any of the five populations and an excess of heterozygote genotypes. 
